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Abstract 
In this work we describe the synthesis and electrochemical properties of nitridated hierarchical 
TiO2 nanotubes as an electrode for supercapacitors. The hierarchical TiO2 nanostructures are 
formed by a controlled layer-by-layer TiO2 nanoparticle decoration on self-organized spaced 
TiO2 nanotubes. These structures are then annealed in NH3 atmosphere at elevated temperature 
to convert the material to a nitride structure – this drastically enhances their electron-transport 
properties. The areal capacitance of hierarchical structures can be tuned by changing the number 
of decorated TiO2 nanoparticle layers. The capacitance enhancement of the hierarchical 
structures reaches a maximum when the surface area through nanoparticle deposition is highest 
and the conductivity via nitridation is optimized. 
Keywords: anodization, spaced nanotubes, supercapacitors 
 
3 
 
Due to the increasing energy demands, energy conversion and storage technologies have been 
intensively developed in recent years. Supercapacitors are considered a very promising 
candidate for electrochemical energy storage due to their high power density, long cycle life 
and fast charge-discharge rate.1–3According to charge storage mechanism, supercapacitors are 
generally classified into two categories: electrical double layer capacitors (EDLCs) and 
pseudocapacitors.4,5 EDLCs are based on non-faradic charge separation at the 
electrode/electrolyte interface while pseudocapacitors are dominated by a faradaic process at 
the electrode – this allows pseudocapacitors to provide a higher specific capacitance and energy 
density via the charging/discharging of electrode internal contribution of redox-states.4 
Among a wide range of materials examined as supercapacitor electrodes, hydrous RuO2 
remains the champion material due to its fast and reversible intercalation properties, and a high 
electron conductivity.6,7 However, the high cost of RuO2 and increasing demand for 
supercapacitors have initiated extensive research for alternative materials. Particularly 
transition metal oxides such as NiO, V2O5, MoO3, MnO2, Co3O4 and TiO2 have been considered 
as potential electrode materials.8–13 Among them, TiO2 is one of the most interesting materials 
for energy storage since it is abundant, low cost and chemically stable.14,15 
In order to provide an ideal geometry for charge storage, the most advantageous electrode is 
one that offers densely dispersed nanoparticles of a few nanometers (corresponding to the 
diffusion length of the intercalating species) and a geometrically optimized electron-conductive 
scaffold. To address these prerequisites, one-dimensional TiO2 structures, i.e., nanotubes (NTs) 
that possess directional charge transport and a high surface area have been increasingly 
explored for their supercapacitor performance.16,17 The most straightforward method to 
generate a suitable TiO2 nanotube electrode is by self-organizing anodization of Ti in a suitable 
electrolyte.15,18 The resulting TiO2 NTs are vertically aligned to the substrate, their diameter 
and length can be easily adjusted, and their attachment to the Ti metal substrate provides an 
ideal electrode configuration.19 
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In general, to grow self-organized NTs aqueous, glycerol or ethylene glycol-based electrolyte 
are used which results in hexagonally close-packed arrays of TiO2 NTs.
15 This arrangement 
limits the use of these TiO2 NT layers as a scaffold for deposition of nanoparticles, i.e., to 
increase their electrochemical performance by constructing hierarchical assemblies. 
Furthermore, typically the supercapacitive performance of 3D-TiO2 structures is strongly 
hampered due to their low electronic conductivity. Therefore, not only optimizing the TiO2 
nanostructure but also developing measures to increase the intrinsic TiO2 conductivity are 
needed. 
In the present work, we show that nitridation of hierarchical TiO2 NTs based on spaced tubes 
through a heat treatment process under NH3 atmosphere at elevated temperature can yield 
highly beneficial effects. We demonstrate that an adequate NH3 treatment leads to nitrogen 
stabilized Ti3+ states that provide a strongly enhanced conductivity that in turn leads to a 
significant enhancement in electrochemical performance. 
The spaced TiO2 NTs used in this work (Figure 1) were fabricated by anodization of titanium 
substrates in a triethylene glycol (TEG) solution (see SI). The as-formed TiO2 NTs have a 
diameter of 200 nm and a length of 7 µm (Figure 1a and S1). The main difference to 
conventional TiO2 NTs (Figure S2a) is that the tubes shown in Figure 1 provide a defined and 
controllable intertube spacing that allows the deposition of a secondary material in the free 
space between the tubes. This spacing in our case was adjusted to 200 nm. To increase the 
surface area of NTs, a defined conformal layer of TiO2 nanoparticles were decorated on the 
TiO2 NTs by a TiCl4-hydrolysis approach.
20,21 These nanoparticles have a diameter of 5-8 nm 
and with an increasing number of TiCl4 treatments the inner and outer tube wall become 
increasingly decorated (Figure 1b), thus steadily filling space between the tubes. On contrary, 
hexagonally close-packed TiO2 NTs show a completely blocked entrance after just a few 
decorated layers (Figure S2b, c). After decoration the samples were thermally treated in NH3 
atmosphere at different temperatures (400°C to 700°C) for 1 h to induce nitridation. The color 
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of the samples turned from dark blue to dark green or black depending on the temperature of 
the NH3 treatment (Figure S3). Furthermore, clearly the nanoparticle size increases with an 
increasing NH3 treatment temperature, i.e., sintering occurs, the more drastic the higher the 
treatment temperature (Figure S4). In other words while the decoration strongly increases the 
surface area, the NH3 treatment at elevated temperature reduces this again, the higher the 
temperature the more significant. This is confirmed by dye loading measurements (Figure S5 
and S6), that reflects the specific surface area.22 Clearly, nanoparticle decoration strongly 
increases the specific surface area up to 6 times (from dye loading of 22 to 138 nmol cm-2) 
while NH3 treatment at 700°C decreases their surface area by a factor of 2 (61 nmol cm
-2). 
However the NH3 treatment with increasing temperature leads to a drastic enhancement of 
conductivity of the material (Figure 1c, d).23–25 Solid state conductivity measurements show the 
conductivity of the hierarchical structures to increase by a factor of 400 after NH3 treatment at 
400°C and a factor of 107 at 600°C. Treatments at 700°C do not significant enhance the 
conductivity further. 
Figure 1e and f show the drastic effect of the combined nanoparticle decoration and nitridation 
on the capacitive electrochemical response of the TiO2-hierachical structure-NH3 electrodes (S-
Tx-NH3, x is the number of TiCl4 treatment). Cyclic voltammetry (CV) tests were conducted in 
a three-electrode electrochemical cell with a Pt sheet counter electrode and a Ag/AgCl reference 
electrode in 0.5 M aqueous Na2SO4 solution at a scan rate of 100 mV s
-1. The CV curves show 
a rectangular shape thus indicating the EDLCs and the capacitcance of the electrode can be 
obtained by equation (1) in the SI. Bare TiO2 NTs obviously show a much smaller current 
density and thus a capacitance of 11.4 mF cm-2 (at a scan rate of 100 mV s-1) in comparison to 
the hierarchical structures (2 layers of TiO2 nanoparticles) where 2.3 times higher current 
density and a capacitance of 26.6 mF cm-2 are reached (Figure 1e). With an increasing number 
of decorated layers, the capacitive performance increases from 11.4 to 42.4 mF cm-2 (up to 4 
times) and is maximized after eight layers of nanoparticles. For higher amounts of nanoparticle 
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loading, the current density decreases since the structures are completely filled with 
nanoparticles thus limiting the particle/electrolyte interface (Figure S7). The effect of 
nitridation temperature on electrochemical behavior is apparent from Figure 1f. The capacitive 
current density of TiO2 samples increases by a factor of 50 with the increase of annealing 
temperature up to 600°C. A decrease of current density was obtained for the samples annealed 
in NH3 at 700°C. This drop of current can be ascribed to the coarsening of nanoparticles which 
reduces the available area for intercalation on the structure. 
Figure 2a shows the X-ray diffraction (XRD) patterns of the TiO2 samples annealed in air at 
450°C and in NH3 at different temperatures. For TiO2 NTs and hierarchical TiO2 structures 
(after 8 times TiCl4 treatment-denoted as S-T8) the XRD peaks can be ascribed to anatase and 
a small amount of rutile phase (peak at 2θ = 25.3° and 2θ = 27.4°, respectively).26–28 After 
nitridation at 400-600°C, the XRD-spectra do not change. However at 700°C, no anatase peaks 
can be detected anymore but peaks indicating the formation of titanium nitride, as a cubic phase, 
become visible at 2θ = 42.6°.29–31 This is in line with literature that shows annealing at 800°C 
can transform TiO2 into TiN.
29,31 
To examine the effect of NH3 treatments on chemical composition of hierarchical TiO2 
structures, we performed X-ray photoelectron spectroscopy (XPS) (Figure 2b-d and S8). Figure 
2d and S8 show the Ti2p core level XPS spectra of TiO2 and NH3-treated TiO2 samples. Clearly 
the Ti2p peaks for NH3 treatment above 400°C appears with a typical Ti
3+ tail while the Ti2p 
spectrum for the treatment at 400°C remains unchanged.32 The Ti2p peak can be deconvoluted 
into three peaks. The doublet peak at 458.9 eV for Ti2p3/2 and 464.6 eV for Ti2p1/2 are assigned 
to Ti4+. The Ti3+ in a Ti-N configuration can be assigned to the second doublet of the Ti2p peak 
since the N is mainly introduced in a substitutional position (Figure 2c).33,34 The third doublet 
of the Ti2p peak (455.9 eV for Ti2p3/2 and 461.7 eV for Ti2p1/2) is assigned to Ti
2+x, in accord 
with literature,35–37 and as indicated by the shift of the O1s peak to a higher valence state and 
the decrease of the peak intensity at 700°C (Figure 2b). The deconvolution results for all 
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samples are listed in Figure 2e and clearly TiO2 sample annealed in NH3 at 700°C has the largest 
amount of Ti3+ (36.86 %) in comparison to sample annealed at 600°C and 500°C (14.30 and 
10.77 %, respectively). And the treatment at 700°C leads to even lower Ti2+x states with a ratio 
of 12.36%. For the treatment at 400°C and the non-NH3 treated samples, only the presence of 
Ti4+ was detected. This indicates the formation of titanium nitride for samples annealed in NH3 
which can be explained that at temperature above 550°C, NH3 decomposes forming H2 thus 
introduces a strong reducing atmosphere – that can reduce Ti4+ to lower valence states.38,39 This 
is also in line with high resolution O1s spectra where the intensity of peaks at 530.2 eV 
decreases significantly compared to treatment at lower temperatures (Figure 2b).40 A small shift 
in O1s peak for 700°C sample is ascribed to the formation of O-N bonding.41 In line, N1s 
spectra (Figure 2c) show clear peaks for nitrogen (at 396.5 eV) appearing in the NH3-treated 
samples at 500°C, 600°C and 700°C while there are no such peaks for untreated TiO2 sample 
and treated sample at 400°C. This peak is usually ascribed to substitutional nitrogen in TiO2 
thus can indicate the successful nitridation of hierarchical TiO2 nanostructures at the 
temperature above 400°C.29 The dramatically increased intensity of N1s peaks for samples 
annealed at 700°C in NH3 demonstrates that large amount of nitrogen has been introduced to 
TiO2 and forms titanium nitride that is in accordance with XRD data. Please also note that the 
nitrogen peak shifts towards a higher binding energy (397.3 eV) that indicates, except for 
titanium nitride formation, additional substitutional nitrogen exists in the lattice in a Ti-O-N 
configuration. This is in line with a clear shift of O1s peak to higher binding energy (oxygen 
vacancy formation) for sample treated at 700°C.37,42,43 Furthermore, the atomic concentration 
of nitrogen increases with an increasing NH3 temperature (from 0.94 to 28.33 at%) while the 
oxygen concentration decreases by a factor of 2 (from 67.66 at% at 400°C to 36.84 at% at 
700°C). The above XPS results confirm that the nitrogen concentration in TiO2 is strongly 
correlated to the annealing temperature in NH3.
24 
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Regarding the electrochemical performance, the TiO2 samples nitridated at 600°C yields the 
highest areal capacitance of 85.7 mF cm-2 at a scan rate of 10 mV s-1 (Figure 3a). The charge-
discharge curves in Figure 3b further confirm that an optimized condition for NH3 treatment is 
established at 600°C. Furthermore, all NH3-treated samples have a very smaller IR drop 
compared with non-treated samples (0.02 and 0.18 V, respectively – Figure S9), proving a low 
internal resistance for the nitridation TiO2 NTs (in line with conductivity measurements). 
Figure 3c exhibits the highest values for the nitridated hierarchical structure at 600°C at a 
current density up to 3 mA cm-2. The difference in capacitance obtained from CV curves and 
charge-discharge curves is due to the selection range of sweep rate and charge-discharge current 
density. Figure 3d shows the Mott-Schottky plots based on capacitance that were acquired from 
the electrochemical impedance at 100 Hz. The TiO2 samples up to 500°C clearly exhibit a 
characteristic of a n-type semiconductor. The carrier densities of the NH3 treated samples at 
400°C and 500°C are 1.6 × 1023 and 1.0 × 1024 cm-3 while that for non-treated sample is 5.2 × 
1019 cm-3 (employing a dielectric constant of TiO2 ɛ ≈ 31).44 The samples at 600°C and 700°C 
show a virtually metallic capacitance behavior in line with the resistivity values of a few Ω in 
the solid state IV curves of Figure 1d. In other words, annealing in NH3 first significantly 
enhances the doping densities of TiO2 NTs by several orders of magnitude and at higher 
temperatures (600°C and 700°C) establishes a near metallic value – this correlates to the 
observed formation of TiN species which have great properties as an electrode for 
supercapacitors such as superior electrical conductivity, extreme hardness and remarkable 
chemical resistance.45,46 
Furthermore, to obtain more information on the charge-transfer properties, electrochemical 
impedance spectroscopy (EIS) measurements were carried out. Figure 3e and f show the 
Nyquist plots and fitted data measured for different samples at open circuit potential. The results 
indicate that nitridation significantly decreases the electrode charge transfer resistance. Also in 
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this case, clearly 600°C was found to be an optimized temperature for nitridation that provides 
the lowest charge transfer resistance per provided electrode area (3.0 KΩ). 
CV curves of the S-T8-NH3 were measured at different scan rates of 1 to 200 mV s
-1 and the 
results are presented in Figure 4a. These nitridated samples show quasi-rectangular CV curves 
and no pseudocapacitive oxidation/reduction peaks, indicating excellent electrical double layer 
capacitive properties. The calculated areal capacitance at a high scan rate of 200 mV s-1 is 42.4 
mF cm-2, which results in capacitance retention of nearly 50 % compared with the values 
measured at 10 mV s-1. The performance of nitridated hierarchical structure was further tested 
by galvanostatic charge-discharge measurements (Figure 4b). The charge-discharge curves are 
nearly symmetric with a linear relation between charge-discharge and time. The hierarchical 
electrodes provide a specific capacitance of 45.19 mF cm-2 at a current density of 0.2 mA cm-
2. The hierarchical structures show a better performance compared with conventional TiO2 NTs 
due to their higher surface area (Figure S10). As shown in Figure 4c, the nitridated hierarchical 
sample also shows a stable long term cycling performance. The XRD measurements after 
electrochemical tests remain unchanged, indicating that the structures are stable (Figure S11). 
The capacitance of hierarchical structures obtained in the present work is significantly higher 
than other reported results using anodic TiO2 NTs including tubes after different reduction 
treatments such as electrochemically reduced-or-doped TiO2 nanotubes,
47–51 hydrogen treated 
nanotubes,52,53 and even carbon-decorated TiO2 nanotube composites.
54–57 
In summary, we introduced the use of spaced TiO2 NTs for a conformal layer-by-layer 
decoration of TiO2 nanoparticles. These hierarchical structures via NH3 treatment significantly 
enhance the electrochemical performance of TiO2 NTs. Sample annealed at 600°C in NH3 
yields an optimized specific capacitance. The improvement in capacitance can be attributed to 
the combination of a high surface area and strongly increased conductivity induced by nitride 
formation in the tubes. Furthermore, the areal capacitance of hierarchical structures can be 
adjusted by varying the number of TiO2 nanoparticle layers. In addition, we show that spaced 
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TiO2 NTs can be used to construct high-performance supercapacitors by a controlled decoration 
of TiO2 nanoparticles that can be replaced by other materials for other energy storage devices. 
Acknowledgements 
The authors would like to acknowledge the ERC, the DFG and the DFG cluster of excellence, 
EAM for financial support. Dr. Lei Wang is acknowledged for XRD measurements. S. Hejazi 
is acknowledged for the evaluation of EIS data. 
11 
 
References 
1. A. Burke, J. Power Sources, 2000, 91, 37–50. 
2. A. S. Aricò, P. Bruce, B. Scrosati, J.-M. Tarascon, and W. van Schalkwijk, Nat. Mater., 
2005, 4, 366–377. 
3. R. Kötz and M. Carlen, Electrochim. Acta, 2000, 45, 2483–2498. 
4. P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845–854. 
5. X. Lang, A. Hirata, T. Fujita, and M. Chen, Nat. Nanotechnol., 2011, 6, 232–236. 
6. J. P. Zheng and T. R. Jow, J. Electrochem. Soc., 1995, 142, L6–L8. 
7. C.-C. Hu, K.-H. Chang, M.-C. Lin, and Y.-T. Wu, Nano Lett., 2006, 6, 2690–2695. 
8. J.-H. Kim, K. Zhu, Y. Yan, C. L. Perkins, and A. J. Frank, Nano Lett., 2010, 10, 4099–
4104. 
9. S. Chen, J. Zhu, X. Wu, Q. Han, and X. Wang, ACS Nano, 2010, 4, 2822–2830. 
10. J. Liu, J. Jiang, C. Cheng, H. Li, J. Zhang, H. Gong, and H. J. Fan, Adv. Mater., 2011, 
23, 2076–2081. 
11. M. Sathiya, A. S. Prakash, K. Ramesha, J. Tarascon, and A. K. Shukla, J. Am. Chem. 
Soc., 2011, 133, 16291–16299. 
12. C. Yuan, X. Zhang, L. Su, B. Gao, and L. Shen, J. Mater. Chem., 2009, 19, 5772–
5777. 
13. J. Chang, M. Jin, F. Yao, T. H. Kim, V. T. Le, H. Yue, F. Gunes, B. Li, A. Ghosh, S. 
Xie, and Y. H. Lee, Adv. Funct. Mater., 2013, 23, 5074–5083. 
14. X. Chen and S. S. Mao, Chem. Rev., 2007, 107, 2891–2959. 
15. K. Lee, A. Mazare, and P. Schmuki, Chem. Rev., 2014, 114, 9385–9454. 
16. K. Lee, D. Kim, P. Roy, I. Paramasivam, B. I. Birajdar, E. Spiecker, and P. Schmuki, J. 
Am. Chem. Soc., 2010, 132, 1478–1479. 
17. F. Fabregat-Santiago, E. M. Barea, J. Bisquert, G. K. Mor, K. Shankar, and C. A. 
Grimes, J. Am. Chem. Soc., 2008, 130, 11312–11316. 
18. F. Riboni, N. T. Nguyen, S. So, and P. Schmuki, Nanoscale Horizons, 2016, 1, 445–
466. 
19. P. Roy, S. Berger, and P. Schmuki, Angew. Chem. Int. Ed., 2011, 50, 2904–2939. 
20. M. K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Mueller, P. Liska, N. 
Vlachopoulos, and M. Graetzel, J. Am. Chem. Soc., 1993, 115, 6382–6390. 
21. N. T. Nguyen, S. Ozkan, I. Hwang, A. Mazare, and P. Schmuki, Nanoscale, 2016, 8, 
16868–16873. 
22. D. Chen, F. Huang, Y.-B. Cheng, and R. A. Caruso, Adv. Mater., 2009, 21, 2206–2210. 
23. H. Han, T. Song, J.-Y. Bae, L. F. Nazar, H. Kim, and U. Paik, Energy Environ. Sci., 
2011, 4, 4532–4536. 
24. M. S. Balogun, C. Li, Y. Zeng, M. Yu, Q. Wu, M. Wu, X. Lu, and Y. Tong, J. Power 
Sources, 2014, 272, 946–953. 
25. M. S. Balogun, Z. Wu, Y. Luo, W. Qiu, X. Fan, B. Long, M. Huang, P. Liu, and Y. 
12 
 
Tong, J. Power Sources, 2016, 308, 7–17. 
26. K.-T. Kim, G. Ali, K. Y. Chung, C. S. Yoon, H. Yashiro, Y.-K. Sun, J. Lu, K. Amine, 
and S.-T. Myung, Nano Lett., 2014, 14, 416–422. 
27. S. P. Albu, H. Tsuchiya, S. Fujimoto, and P. Schmuki, Eur. J. Inorg. Chem., 2010, 
2010, 4351–4356. 
28. N. T. Nguyen, M. Altomare, J. E. Yoo, N. Taccardi, and P. Schmuki, Adv. Energy 
Mater., 2015, 6, 1501926. 
29. M.-S. Balogun, M. Yu, C. Li, T. Zhai, Y. Liu, X. Lu, and Y. Tong, J. Mater. Chem. A, 
2014, 2, 10825–10829. 
30. G. Li, P. Zhang, Z. Bian, J. Zhu, L. Wu, and H. Li, ChemSusChem, 2013, 6, 1461–
1466. 
31. X. Lu, G. Wang, T. Zhai, M. Yu, S. Xie, Y. Ling, C. Liang, Y. Tong, and Y. Li, Nano 
Lett., 2012, 12, 5376–5381. 
32. X. Zhou, E. M. Zolnhofer, N. T. Nguyen, N. Liu, K. Meyer, and P. Schmuki, Angew. 
Chem. Int. Ed., 2015, 54, 13385–13389. 
33. N. C. Saha and H. G. Tompkins, J. Appl. Phys., 1992, 72, 3072. 
34. R. Asahi, T. Morikawa, H. Irie, and T. Ohwaki, Chem. Rev., 2014, 114, 9824–9852. 
35. C. N. Sayers and N. R. Armstrong, Surf. Sci., 1978, 77, 301–320. 
36. R. Gouttebaron, D. Cornelissen, R. Snyders, J. P. Dauchot, M. Wautelet, and M. Hecq, 
Surf. Interface Anal., 2000, 30, 527–530. 
37. X. Zhou, N. Liu, and P. Schmuki, Electrochem. Commun., 2014, 49, 60–64. 
38. J. Wang, D. N. Tafen, J. P. Lewis, Z. Hong, A. Manivannan, M. Zhi, M. Li, and N. 
Wu, J. Am. Chem. Soc., 2009, 131, 12290–12297. 
39. G. D. Moon, J. B. Joo, M. Dahl, H. Jung, and Y. Yin, Adv. Funct. Mater., 2014, 24, 
848–856. 
40. S. Södergren, H. Siegbahn, H. Rensmo, H. Lindström, A. Hagfeldt, and S.-E. 
Lindquist, J. Phys. Chem. B, 1997, 101, 3087–3090. 
41. C. L. Chang, S. G. Shih, P. H. Chen, W. C. Chen, C. T. Ho, and W. Y. Wu, Surf. Coat. 
Technol., 2014, 259, 232–237. 
42. T. Jirsak, J. Dvorak, and J. A. Rodriguez, Surf. Sci., 1999, 436, L683–L680. 
43. J. Moulder, W. Stickle, P. Sobol, and K. Bomben, Handbook of X-ray Photoelectron 
Spectroscopy, 1992. 
44. H. Tang, K. Prasad, R. Sanjinès, P. E. Schmid, and F. Lévy, J. Appl. Phys., 1994, 75, 
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Figure 
 
Figure 1 SEM images of: a) as-formed spaced TiO2 NTs, b) spaced TiO2 nanotubes decorated 
with different layers of TiO2 nanoparticles (2, 4, 6 and 8 times), c) solid state conductivity 
measurement with 2 tips, the inset illustrates how the conductivity measurement in the SEM 
works. d) Conductivity measurements of hierarchical structures without/with NH3 treatment at 
different temperatures. e) CV curves at a scan rate 100 mV s-1 of spaced TiO2 NTs loaded with 
different layers of TiO2 nanoparticles and annealed in NH3 at 600°C for 1 h. f) CV curves of 
spaced TiO2 NT decorated with 8 layers of TiO2 nanoparticles and annealed in NH3 at different 
temperatures for 1 h. 
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Figure 2 a) XRD patterns of spaced TiO2 NTs and NTs annealed in NH3 at different 
temperatures. b) O1s and c) N1s high resolution XPS spectra for the particle-decorated TiO2 
NTs and particle-decorated TiO2 NTs annealed in NH3 at 400, 500, 600 and 700°C. d) peak 
fitting of the Ti2p peaks for the particle-decorated TiO2 NTs annealed in NH3 at 500, 600 and 
700°C. e) Calculated concentration of titanium complex and f) atomic concentration for the 
particle-decorated TiO2 NTs (TiO2-T8) and particle-decorated TiO2 NTs annealed in NH3 at 
400, 500, 600 and 700°C. 
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Figure 3 a) Areal capacitance of TiO2 samples annealed in NH3 at different temperatures 
measured as a function of scan rate. b) Galvanostatic charge/discharge curves (at a current 
density of 200 µA cm-2) of S-T8 samples annealed in NH3 at different temperatures. c) Areal 
capacitance of TiO2 samples annealed in NH3 at different temperatures measured as a function 
of current density. d) Mott-Schottky plots of the TiO2 samples measured at 100 Hz. e) Nyquist 
plot and f) Equivalent circuit and impedance data for the hierarchical TiO2 NTs with/without 
NH3 treatment (measured at open circuit potential). 
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Figure 4 a) CV curves of S-T8-NH3 at different scan rates. b) Galvanostatic charge/discharge 
curves of S-T8-NH3 at different current densities. c) Cycle performance of S-T8-NH3 measured 
at a current density of 3 mA cm-2. NH3 treatment was conducted at 600°C for 1 h. 
